The impact of long-term irrigation on semi-arid soils along the Lower Vaal River in central South Africa was assessed. Irrigated sandy and clayey soils representative of relatively homogeneous agro-ecosystems were sampled at 200 mm intervals to a depth of 2 m wherever possible. To serve as a reference, adjacent virgin soils were sampled wherever possible. All the samples were analysed for common salinity indicators. Soils irrigated for more than 20 years with water varying in electrical conductivity (EC) from 52 to 74 mS·m -1 and sodium adsorption ration (SAR) of < 5 reacted differently. Salts were generally less and more evenly distributed in the virgin profiles than in their irrigated equivalents. In the irrigated clayey soil at Spitskop the salt content increased with depth. In the irrigated sandy soil at Vaalharts maximum salt accumulation occurred above the water table, whereas in the centre pivot irrigated sandy soil at Wildeklawer it occurred at 400 to 800 mm depth. In the latter case the salt accumulation is linked to water uptake by crops probably due to limited water application. In the irrigated sandy soil at Zandbult salt accumulation at 1 100 mm depth was linked to a period of irrigation with low quality water. In spite of a general increase in salinity the soils were not physically severely degraded. Where water tables occurred in sands the salinity reached levels where it will affect sensitive crops. In the Spitskopdam clay soil it reached levels affecting tolerant crops. However, the accumulated salt load varied between sand and clay soils and improved irrigation scheduling practices that do not allow additional water for salt leaching; this may lead to increased salinity and degradation of the irrigated soils.
Introduction
The natural resource base, in particular soil and water, together with the entrepreneurial capacity forms the basis for economic activities related to irrigation (Backeberg, 2003) . Surveys conducted by Nell and Van den Berg (2001) on land potentially available for irrigation in South Africa, revealed that a total of 1.6 x 10 6 ha, comprised of 1.1 x 10 6 ha for temporary irrigation and 0.5 x 10 6 ha for permanent irrigation (sugar-cane included). Backtracking land allocation to the eighties showed that an area of 1.23 x 10 6 ha was irrigated, with a possible expansion of 0.25 x 10 6 ha (Scotney and Van der Merwe, 1995) . Department of Water Affairs (DWAF, 1996) , as cited by Backeberg (2003) , projected that the potential for irrigation to expand was limited by water availability, as official estimates indicated an expansion of irrigated land by 178 000 ha. However, all these studies had a similar deduction, namely that the natural resources, water and soil, allocated for irrigation were used to their fullest potential, and that maintenance of its quality needed all the attention it deserves. This conclusion was supported by salinity research, which indicates that between 1% and 12% of the total irrigation area, depending on the provinces, is severely water-logged or salt-affected, and 5% to 20% is moderately affected (Water Research Commission, 1996) .
Several factors could influence the salinity levels of irrigated land. One of the factors is the irrigation method. A recent survey showed that sprinkler systems cover 53% of the total area under irrigation, while surface irrigation systems account for 28.5% and micro-and drip-systems for 18.5% (Water Research Commission, 1999) . The efficiency levels of irrigation systems vary between 55 and 65% for surface irrigation, 70 and 85% for sprinkler irrigation and 85 and 95% for micro/drip irrigation. Irrigators compensate for the inefficiency of irrigation systems by applying more water than the potential crop water demand. Hence, it can be expected that over-irrigation occurs where flood irrigation is practiced and a lack of leaching could occur where more sophisticated methods are used. Soil characteristics such as inherent salt content, internal and external drainage also play an important role in ensuring sustainable soil salinity levels. Fortunately, very strict soil suitability standards were used for the allocation of irrigation land. Today, 87% of the total area under irrigation is classified as suitable to very suitable for its purpose (Water Research Commission, 1996) .
Scotney and Van der Merwe (1995) stated that water quality poses one of the greatest threats to the sustainable use of irrigated soils. A comprehensive investigation, which focused amongst other factors, on the change in water quality of the Lower Vaal River and its tributaries, confirmed their concern regarding water quality (Du Preez et al., 2000) . This study showed that the quality of water in the Lower Vaal River has deteriorated over the past 20 years and that it is expected to deteriorate even further. This deterioration was expected since most of the wastewater of Gauteng, South Africa's most densely populated province, ends up in the Lower Vaal River, which serves as water source for a significant portion of the country's irrigation land. Periodic supply of irrigation water with poor quality has resulted in crop failures along the Lower Vaal River and the sustainability of irrigation farming in this region has become questionable. This paper reports on the impact of irrigation in this region on soil quality, more specifically the redistribution and accumulation of salts in sandy and clayey soils. Wildeklawer, Zandbult and Jackson, an irrigated soil and adjacent virgin soil were sampled. Representative soils irrigated for more than 20 years with Lower Vaal River water were selected. In addition, irrigated soils with artificial drainage were included in the surveys at Vaalharts and Jackson. At each site, a soil pit was dug at a representative position in the landscape, the soil profile described, classified (Soil Classification Working Group, 1991) , and samples taken in March 1998 for analyses. The predetermined sampling depth of 2 000 mm was not achievable in some places due to a hard layer in dry clayey soils, or a water table in some irrigated soils. Soil profiles were sampled in 200 mm increments from the bottom of the pit upwards, to prevent contamination of samples.
The soil samples were dried at about 40°C, crushed to pass through a 2 mm sieve, mixed thoroughly and stored in glass bottles until analysed using standard methods (The Non-Affiliated Soil Analysis Work Committee, 1990) . The soils were analysed for soil properties that could change under irrigation. This paper focuses on the electrical conductivity (EC) of the saturated extracts (EC e ) of the soils.
The salt load was estimated by converting EC e to total dissolved solids (TDS) (EC e *6.5 = TDS) (Richards, 1969) . As the clay content and the gravimetrical water content of the saturated paste (θsp) of the layers varied very little within the profiles, an average θsp value for all layers of a profile was used in the calculation, together with an average bulk density of 1 650 kg·m 3 .
Results and discussion
A general description of the soils at each site is given in Table  2 . The soils were either sandy or clayey, with the sandy soils containing 5% to 10% clay and clayey soils, 40% to 60% clay. The sandy soils belong to the Hutton, Bainsvlei and Bloemdal forms (Soil Classification Working Group, 1991) or fine sandy Quartzipsamments (Soil Survey Staff, 1999) . The clayey soils (Table 3) , but nevertheless remained within the C2S1 class (Du Preez et al., 2000) . Values of EC and sodium adsorption ratio (SAR) increased with approximately 40% and 60%, respectively and the probability of soils becoming saline and sodic, or both, therefore increased downstream (Table 3 ). An additional factor promoting this tendency is the increasing aridity from Vaalharts to Jackson as revealed by the data in Table 1 . The evaporative demand was 696 mm more, and the rainfall 127 mm less, at Jackson than at Vaalharts (Table 1) . With regard to salinity hazard there is a wide variation in conditions between the sites. It is therefore expedient to initially discuss the results for each site separately, and thereafter to draw any general conclusions. Salinity profiles are presented for sandy and clayey soils, respectively, in Figs. 2 and 3.
Sandy soils
Vaalharts: The irrigated sandy soils had mottles visible in the subsoil -at depths less than 1 000 mm in the irrigated and drained soil, and less than 1 600 mm in the irrigated soil (Fig. 2a) . The mottles indicate intermittent water logging at the respective depths. The virgin Hutton soil is assumed to be in phase with the climate and other soil-forming factors. It is therefore reasonable to expect that, before irrigation was applied, the salinity profiles of both irrigated soils would have been similar to that of the Hutton. Salt accumulation has occurred in the irrigated soils at depths of between 300 and 600 mm but only reached significantly high concentrations in the irrigated site. The salinity at 300 mm depth can affect the growth of sensitive crops (Ayers and Westcot, 1976) . Capillary rise from a water table with increased salt content is probably the main cause of salt accumulation in these soils. The beneficial influence of drainage on the irrigated and drained soil is well demonstrated in Fig. 2a .
Wildeklawer:
The salt content of the virgin Hutton was about double that at Vaalharts. Leaching is probably lower due to a lower aridity index (data not shown). Although a water table was not found in the irrigated Bainsvlei soil, mottles occurring at 1 200 mm depth indicated periodic water logging. Salt accumulation at 400 to 1 000 mm depth rather indicated accumulation where plant roots extract water (Fig. 2b) . These concentrations can affect sensitive crops (Ayers and Westcot, 1976) . Irrigation scheduling only allowed for replacement of crop water use and limited leaching under centre-pivot irrigation may therefore be the main cause for salt accumulation at Wildeklawer.
Zandbult:
The salt profile (Fig. 2c) was anomalous for this deep sandy Hutton soil. Although the virgin site was selected in natural veld, the farmer later indicated that it could have been affected by irrigation with water of poor quality some years ago. This could explain the considerable accumulation restricted to a layer 400 to 800 mm deep. A similar accumulation pattern also occurred in the irrigated soil at a slightly lower depth, evidently due to a certain amount of leaching. These concentrations can affect sensitive crops (Ayers and Westcot, 1976).
Jackson:
The salt distribution profiles in the virgin Bloemdal soil (Fig. 2d ) may be due to the dry climate of the area (Table  1) . The water table probably originates from the irrigation plot. The salt accumulation above the water table of the irrigated soil is an indication that water uptake by plant roots and water supply by capillary rise may be the major forces in the profile's salt distribution. The salinity in the deep layers of the virgin soils can affect sensitive crops (Ayers and Westcot, 1976) .
Clayey soils
Vaalharts: Minimal salt accumulation has occurred in the topsoil of the irrigated Valsrivier form soil and it seems that enhanced leaching caused by flood irrigation, and a satisfactory permeability, has reduced the salt content of the subsoil despite the high clay content of 34% (Fig. 3a) . Relatively good permeability was expected from this red, calcareous soil of the Valsrivier form.
Spitskop: Leaching has clearly been inadequate in the subsoil of this extremely swelling clayey soil (Fig. 3b) . Salt accumulated in the irrigated soil. The concentration in the topsoil (0-200 mm) exceeds 130 mS·m -1 and will influence production of sensitive crops. Salinity increase with depth and below 400 mm the salt content exceeded the 300 mS·m -1 threshold value for moderately sensitive crops, reaching 600 mS·m -1 at 800 mm where it may affect moderately tolerant crops. Salinity levels above the threshold could induce plant water stress (Ayers and Westcot, 1976) , even if the soil water content is at field capacity. The plants may wilt because the roots are unable to absorb the water, as a result of the osmotic effect of salts in the soil solution. Such high salinity may eventually also result in salt toxicity if plants accumulate excess salt.
Jackson:
Extensive salt accumulation has evidently occurred in this Sepane clayey soil after about 60 years of irrigation. Salinity in the topsoil exceeds the threshold value for sensitive crops and reaches a seriously harmful value of 1 650 mS·m -1 that will affect growth of tolerant crops at a depth of about 700 mm (Fig. 3c) . Drainage, installed about 15 years before the sampling was done, has been beneficial to some extent. The farmer reported increased yields the first year after the drains had been installed.
The following general conclusions can be drawn from the data presented. EC e was in most cases higher in the irrigated than the virgin soils. The general threshold EC e for crop production (400 mS·m -1 ) was exceeded only in the irrigated clays of Spitskop and Jackson from 400 mm and deeper. The EC e of the virgin sands increased downstream and was c. 20 mS·m -1 at Vaalharts, c. 40 mS·m -1 at Wildeklawer and c. 110 mS·m -1 at Zandbult and Jackson (Fig. 2) . This gradient is probably related to effective rainfall which decreases in the same direction (Table 1) , causing a decrease in the efficiency of leaching under natural conditions.
It appears as if the EC e of the sandy soils tends to equilibrate between 50 and 200 mS· m -1 under irrigation (Fig. 2) . The distribution of salts in these profiles may reflect an equilibrium condition of removal of salts by leaching, accumulation of salts due to water uptake by plants, and supply of salts by capillary rise from the water table. The accumulation of salts, as indicated by the higher EC e -values in the subsoil of the irrigated sands are related to the presence of water tables at Vaalharts and Jackson, and centre-pivot irrigation at Wildeklawer and Zandbult. The water tables deposited salts 200 to 400 mm higher up in the profile through capillary rise and plant-root water uptake. Centre pivot irrigation was carefully scheduled for optimum water use, which prevented leaching. Salts therefore accumulated in the 0 mm to 1 200 mm zone.
The EC e of the clayey soils varied between x mS·m -1 and y mS·m -1 under irrigation (Fig. 3) . The profiles of EC e in the irrigated clays of Spitskop and Jackson were typical of limited salt 
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leaching combined with irrigation with low quality water (Bohn, 1985) . Although the water quality at Vaalharts and Spitskop was similar (Table 3) , restricted salt leaching at Spitskop could be attributed to a higher clay content as well as a higher content of swelling clays in the soil compared to that in Vaalharts (Fig. 3) . The salt load calculated as the mass salt per meter soil depth, serves as an indication of the total accumulation of salts irrespective of the distribution in the profile. The salt load of the virgin sands increased downstream from 423 kg·ha -1 ·m -1 at Vaalharts to 4 617 kg·ha -1 ·m -1 at Jackson (Table 4 ). No conclusion in this regard can be made for the virgin clays due to a lack of data. The salt load of the irrigated soils was higher than that of the virgin soils, except for the clay of Vaalharts and the sand of Jackson where it was respectively 1 041 kg ha 
Summary and conclusions
Degradation of irrigated land to the point where it affects crop production can be the result of one, or a combination of a number of factors, viz. poor water quality, limited leaching, soil texture and restricted drainage. The contribution of poor water quality alone to the degradation of irrigation land in the Lower Vaal River could not be confirmed. Restricted leaching or drainage controlled by soil texture and sub-optimal irrigation conditions resulted in salt accumulation.
Limited leaching poses a threat therein that salt accumulation in the lower part of the root zone and below the root zone can occur. The rainfall is too low to continuously play a significant role in leaching of accumulated salts. Leaching is limited when scheduled irrigation with mechanical systems like centre pivots merely recharge water depletion by crops. Farmers increasingly prefer this option as it saves on costs. Furthermore, a high content of swelling clays in the soil profile also may limit leaching, which could result in the accumulation of salts. Worse conditions for salt accumulation are expected with centre-pivot irrigation on clayey soils.
Flood irrigation enhances leaching, but results in the appearance of water tables in the subsoil of sandy and clayey soils of the area. Restricted drainage and resulting shallow water tables play a role in salt accumulation in sandy and clayey soils.
Sandy and clayey soils with restricted drainage were successfully reclaimed by artificial drainage. However, for some clayey soils the saturated hydraulic conductivity seems to be to low and it may therefore be impossible to drain soils such as the Spitskop clay.
Salt accumulated in most profiles, but the soils have not degraded severely physically -at least not yet. Based on the EC of the irrigation water and the EC e of the soil, the infiltration rates and saturated hydraulic conductivity of the soils are probably not affected at all. These processes, however, are also affected by the SAR (DWAF, 1996) , which is not fully reported on for the soils evaluated in this article. Increased salt contents are only present in some subsoils.
A major part of the soils can accommodate a small leaching factor without water logging and therefore the salt balance of the soils can be controlled by improved management. Land with restricted natural drainage may require more inputs as artificial drainage. Water logging, salinisation and sodicity of water and soils should be monitored in the long run to evaluate the seasonal and long-term variation. Due to temporal and spatial variation in the factors controlling salinity, effective irrigation scheduling which allows for leaching must be promoted. 
